Introduction
[2] Ever since its discovery, the Antarctic circumpolar Wave (ACW) [White and Peterson, 1996] is one of the most studied climatic phenomena in the Southern Hemisphere. The ACW propagates eastward with the Antarctic Circumpolar Current (ACC) with a periodicity of 4-5 years and take approximately 8-10 years to encircle the globe. The presence of this circumpolar wave was detected in Atmospheric Temperature (AT), Sea Surface Temperature (SST), Sea-ice, Sea-level Pressure (SLP) and mean wind stress (MWS) [White and Peterson, 1996] . White et al. [1998] described the ACW as a self organisation within the global ocean-atmosphere system that requires the spherical shape of the rotating earth for its propagation and mean meridional temperature gradient for its maintenance. With multi-decadal scale intensification and weakening, the ACW periodicity dominated the Dronning Maud Land ice core records of the last two millennia [Fischer et al., 2004] . Though the ACW was first discovered as a wave number-2 phenomenon (two highs and two lows along a latitude circle), higher wave numbers, wavenumber-3 and wavenumber-4 and frequencies were discovered with major contribution coming from a frequency of 4 cycles per year (cpy) [Jacobs and Mitchell, 1996] . The presence of more than one wave number was noted by other authors as well [Christoph et al., 1998; Cai et al., 1999; Comiso, 2000; Haarsma et al., 2000; Connolley, 2003; Venegas, 2003] . Using singular value decomposition, Venegas [2003] found that most of the ACW's variance comes from a linear combination of a propagating wave-3 pattern with a periodicity of 3 years and a propagating wave-2 pattern with a periodicity of 5 years, each having a distinct origin. Wave-3 is a result of the interaction between a spatially fixed atmospheric pattern and oceanic anomalies advected by the ACC, whereas wave-2 is generated in the western hemisphere by ENSO [Yuan, 2004] . There are many theories regarding the origin of ACW. The 4-5 year periodicity observed in the ACW links it with the ENSO [White and Peterson, 1996; Peterson and White, 1998; Cai and Baines, 2001; Park et al., 2004] . Qiu and Jin [1997] pointed out that the ACW is a result of coupled instability of the ACC and overlying atmosphere. The significance of ocean-atmosphere coupling was found in other model studies as well. The model ACW was sluggish without an atmospheric coupling to the ocean (10-14 years to encircle the globe) than the one involving ocean atmospheric coupling (8 years to encircle the globe) [White et al., 1998] .
[3] A simple mechanism for the ACW propagation is as follows [Venegas, 2003] . The geostrophic balance between low and high pressure centres gives rise to poleward/ equatorward flows, resulting in the surface atmosphere temperature anomalies, which in turn induces SST anomalies by direct warming/cooling as a result of reduced/enhanced heat fluxes. This process promotes sea-ice loss/gain. The warm/ cool SST anomalies advected by the ACC weaken the high/ low pressure eastward. Modeling and descriptive studies also underline the importance of ACC in advecting the SST anomalies eastwards [Cai et al., 1999; Peterson and White, 1998; White et al., 2002; White and Annis, 2004] . In a model study by White et al. [1998] maintenance of the model ACW is achieved through a balance between anomalous meridional Ekman heat advection and anomalous sensible-plus-latent heat loss to the atmosphere. Based on a linear theory for a circumpolar wave that involves the Sverdrup response of ocean and atmosphere to the mean meridional temperature gradient and vertical advection respectively, Talley [1999] showed that temperature anomaly can be propagated eastward by mean zonal winds if the atmosphere is regarded as barotropic. These studies underline the importance of air-sea coupling and ACC in the propagation of anomalies observed in the Southern Ocean(SO). Though the ACW is closely linked with the ACC, the circumpolar nature of the ACW is uncertain. Fourier harmonics of SST revealed that the eastward propagating part accounted for only 25% of the total signal [Park et al., 2004] . A clear eastward propagation of the ACW was only found during 1985-95 [Connolley, 2003] , the time period based on which White and Peterson [1996] first proposed the existence of an ACW.
[4] Though there are studies that show ACW branches northward in the Indian Ocean sector and reach the Indonesian seas and continue its circuit around the globe [see, e.g., Peterson and White, 1998; White and Annis, 2004] , the unorganised nature of the ACW propagation in the ice-ocean-atmosphere system of the Indian Ocean sector was evident in a few studies [e.g., Gloersen and White, 2001 ] (see Figures 2b and 2c between points 1-60 of and Figure 1 of Gloersen and White [2001] ). Moreover, complex EOFs of sea-ice edge depicted eastward anomaly propagation in the central Pacific and Weddell Sea, propagating signals were insignificant and inconsistent in the Indian Ocean [Yuan and Martinson, 2000] . We examine this aspect; why the anomaly propagation is disrupted in the ice-ocean-atmosphere system of the Indian Ocean region.
Data and Methods
[5] The aim of the study is to investigate the characteristics of ACW in the Indian Ocean sector of Antarctica. We analysed the Hadley Centre 1 × 1°sea-ice concentration (SIC) and SST [Rayner et al., 2003] for the time period . The SIC and SST data were band-pass filtered using a Lanczos filter with 91 weights to retain a 3-7 year periodicity. The choice of the number of weights was guided by the length of resulting time series and the frequencies filtered. If more weights were used, the length of the time series was reduced without much effect on filtering. For weights less than 91, the resulting time series was longer, but frequencies greater than 4 years persisted. Since the ACC was found to be a major carrier of climate anomalies in the SO [Venegas, 2003; Cai et al., 1999] , geostrophic currents referenced to 1000m were computed from a merged temperature-salinity data set provided by the UK Met Office [Ingleby and Huddleston, 2007] . This is a 1 × 1°objectively analysed data set blending all the available temperaturesalinity observation including the ARGO floats. Air temperature and atmospheric vertical velocity in Pa/s (omega) from NCEP/NCAR reanalysis [Kalnay et al., 1996] have been used to understand the role of atmospheric feedback on ACW.
Results and Discussion
[6] Figure 1a shows the time-longitude diagram of SIC anomaly filtered to retain the 3-7 year periodicity for the region extending from 60°W to 110°E in the latitude band 58°-60°S. At this periodicity SIC anomaly propagates from west to east. Lag sequences of dominant EEOF of mean wind field and SST were found to propagate around the Indian Ocean sector at latitudes lower than 50S [White, 2000] . However in the ice-ocean-atmosphere system propagating signals were clearly discernable only in the region 60°W to 40°E, more so in the northern latitudes with distinct 1 A plot of surface air temperature anomalies showed a similar characteristic, but the propagation became feeble beyond 40°E and maximum amplitudes were observed during 1985-92 (Figure 1c) . Therefore, the ACW in the atmosphere and ocean do not exist east of 40°E. In order to address this issue further, climatology of SIC for the winter months (July -Sep.) for the period 1985-91 was constructed (Figure 2a) . The winter time sea-ice extent in the Weddell Sea (60°W-20°E) was almost 5°latitude greater than in the region east of the meander. Geostrophic currents showed a southward velocities in the region 10°-30°E in the 55°-65°S belt (Figure 2b ). This meandering coincided with a deep bottom topography of about 6000 m (Figure 2b) . Thus as the ACC enters the deeper regions it is steered south in order to conserve the potential vorticity. This southward meandering transports warm waters southward and makes the region warmer by about 1°C than to its west (Figure 2a ). The mean (standard deviation) of winter time SST in the box 30°-40°E and 65 to 55S was about 0.06°C (0.2°C) whereas a similar box to the west of the meander within the same latitudinal range between 10°W and 0°had a mean (standard deviation) of −0.9°C (0.15°C). If we restrict the latitudinal range to 60°-58°S the means (standard deviations) were −0.3°C (0.24°C) and −1.4°C(0.16°C) respectively for the eastern and western boxes. Further east (60°-70°E) between 60°-58°S the mean (standard deviation) for SST was about −0.12°C (0.2°C). Thus the sea surface has warmed up progressively from west to east in the meandering region.
[7] It may also be noted that Ekman velocities also interact with the propagating ACW anomalies. But the ACW anomalies reach the region of ACC meandering during summer when the Ekman depth is shallowest ( Figure S7 ). Moreover below the Ekman layer the geostrophic flow was southward. The observed sea-ice and SST (Figure 2 ) seems to be a response to this southward flow that warms up the Indian Ocean region and reduce the ice.
[8] The topographic deflection of the ACC has two repercussions on the ACW propagation. As the ACW propagates along with the ACC the southward deflection advects the anomalies associated with the ACW southward, thus deviating from its normal west -east route. Secondly the warming associated with the southward meandering does not allow sea-ice formation. East of the meander we observed SST close to −0.1°to 0°C. Though the mean and standard deviation of SST were not conducive for ice formation, seaice can be found just east of the meander (up to 40°E) in low concentrations. However further east sea-ice was almost absent. For sea-ice formation the water temperature must fall below the freezing point, which is -1.86°C for a salinity of about 33.8 psu. In the present case the SST anomaly propagation associated with ACW only accounts for a maximum of about ±0.3-0.5°C in the region east of the meander (Figure 1b) . Thus the maximum negative SST anomaly can be −0.3 to −0.5°C which cannot initiate anomalous SIC. Moreover ice begins to melt as the anomalies interact with warm waters east of the meander and reduce its strength west to east.
[9] However, since the ACW is a coupled oceanatmosphere phenomenon, its imprints could be found in the ocean if strong air temperature anomalies propagated east of 40°E. But, atmospheric temperature anomalies associated with the ACW also reduced its strength eastward of 40°E ( Figure 1c ) and surface air temperature showed warming signatures (∼6°C warmer than the west) coinciding with the ACC meandering ( Figure S2a) . A reduction in eastward propagating anomalies may be due to the following factors. First, the meandering of ACC affects the oceanic anomaly propagation in the region east of the meander. This could decouple the ACW as a combined ocean-atmosphere eastward propagating system. However, it is interesting to note that like oceanic anomalies, atmospheric anomalies also reduced their strength after crossing 20°and is barely traceable after 40°E. Thus we infer that processes specific to the region east of 20°lead to the discontinuity in ACW propagation in the Indian Ocean. The southward meandering of the ACC resulted in a west-east SST front, with warm waters to the east and cooler waters to the west. This eastwest contrast in SST could generate secondary circulation. Omega values obtained from NCEP/NCAR reanalysis showed conspicuous upward motion (convection) in the 40-60°E belt and descending motion to its west (0°-40°E) ( Figure S2b ). This circulation is known to partly cancel the horizontal thermal advection by adiabatic temperature changes of rising motion [Holton, 2006] . In order to investigate this we studied three most conspicuous eastward propagating anomalies that began in 1985, 87 and 1989 1 Auxiliary materials are available in the HTML. doi:10.1029/ 2011GL046898. Figure 2 . Climatology of (a) sea-ice fraction averaged for the winter (July-Sep) overlaid with SST contours (°C), and (b) geostrophic velocity vectors averaged for the winter (July-Sep) overlaid on bottom topography derived from ETOPO60 data. (Figure 3 ). Of these, 1985 and 1989 were warm anomalies. Warm and cold anomalies could be generated in the Weddell Sea during ENSO years. The mechanisms leading to climate anomalies in the Weddell Sea were explained by Yuan [2004] . Suffice to state here that during a cold/warm ENSO event, the Weddell Sea region becomes warmer/ colder. Thus, two warm and cold ACW anomalies were formed. Once generated, these anomalies propagate through the Weddell Sea and reach the Indian Ocean region in about a year where the vertical velocity peaks during March to September each year. Omega values indicated an average of ±0.02 to 0.04 Pa/s or ±0.2 to 0.3 cm/s at the surface in the Indian Ocean region. At this velocity air parcels rise/sink to about 5-7 km per month. Whether this slow vertical motion leads to adiabatic temperature changes is doubtful, as the air parcels get enough time to interact with the ambient conditions. Also, had the adiabatic changes been guiding the ACW changes, we would have noticed intensification of warm anomalies in the region 0°-40°E. Rather, we noticed reduction in ACW strength irrespective of warm/cold anomalies. As the ACW propagated as a coupled oceanatmosphere system, a reduction in ACW strength can arise from the decoupling of ocean-atmosphere anomalies by topographic meandering. In the region, between 0°and 40°E the eastward velocity was nearly zero ( Figure S3 ). This not only slowed down the eastward oceanic ACW but advected it southward as well. This sudden change in ocean surface velocities decelerated the west-east propagation of oceanic anomalies and weakened the ACW. Weakened anomalies propagated further eastward and reached the region 40°-60°E, where the upward velocities reached a maximum. The slope of the ACW anomalies revealed an average speed of ∼7 cm/s, or ∼180 km/month. Thus, as the ACW travelled 180 km horizontally, present vertical velocities could advect the anomalies vertically to about 5-7 km in the region 40-60°E, where surface oceanic currents were southeasterly. An estimation of the horizontal (u∂T/∂x, v∂T/∂y) and vertical advection (w∂T/∂z) terms in the temperature equation for the atmosphere showed that in the Indian Ocean region, the vertical advection has a magnitude similar to that of horizontal advection. Moreover in the region 40°-60°E, meridional and vertical advective terms dominated the zonal advective term that is close to zero ( Figure S4 ). This supports the termination of zonal propagation of ACW in the Indian Ocean region. Thus, unlike the original ACW in which both oceanic and atmospheric anomaly propagate eastward, in the Indian Ocean region atmospheric/oceanic ACW anomalies have a tendency to move vertically up/southward. This inhibited the eastward propagation of ACW as a coupled ocean-atmosphere system in the Indian Ocean. Thus, as the ACW enters the Indian Ocean sector it is driven southward by the ACC due to topographic effect, which decouples the atmospheric and oceanic anomalies, the atmospheric anomalies may propagate further in to the region where zonal advection is zero, hence the anomalies tend to advect meridionally and upward This is schematically illustrated in Figure 4 . However it has been shown in literature that ACW propagates in the Pacific and the Ross Sea sectors. In order to examine this we present the advective terms ( Figure S5 ) and the zonal geostrophic velocities ( Figure S6 ) along the same latitudinal band across the globe. Two inferences can be drawn from this analysis: First, the zonal geostrophic velocity in the region between 0°a nd 50°E was found to be less than zero, so no eastward propagation takes place. Second, vertical velocity in the atmosphere is maximum in the Indian Ocean region. The reasons for low vertical velocities in the atmosphere away from the Indian Ocean region are not well understood. But this confirms the ACW propagation in the Pacific (120-180°E) and Ross Sea sectors (180-135°W) and its termination in the Indian Ocean region.
Conclusions
[10] The study investigates the characteristics of propagation of the ACW in the ice-ocean-atmosphere system of the SO. Our study confirms that the ACW signal does not propagate east of 40°E. Nevertheless, east of 40°E sea surface is found to be about 1°C warmer than to its west. We infer that this enhanced SST is due to the topographic meandering of the ACC, which transports warm water southward and reduces sea-ice extent in the region between 20°and 80°E. The anomalies associated with the ACW are unable to negotiate the topographic meandering primarily due to two reasons. First, as the ACC is steered south, eastward propagating anomalies are also advected southward, deviating from its original east-west path. Furthermore, a reduction in amplitude of positive SIC is observed as it interacts with the warmer waters to the east. Similar to oceanic ACW anomalies, atmospheric anomalies are also distinct west of 0°. Deceleration of oceanic ACW anomalies by topographic meandering of the ACC results in a weakening of atmospheric anomalies as well by the interaction with atmospheric vertical velocities. This totally decouples the ACW anomalies in the Indian Ocean sector and makes further eastward propagation impossible. Away from the Indian Ocean region vertical advection is found to be lower and marked by positive zonal velocity of the ACC. This promotes the ACW propagation in the Pacific sector and the Weddell Sea.
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